This review contains a brief history of the study of voltage-gated ion channels. These channels are involved in every move we make, every thought, and every heartbeat. A disproportionate amount of what we know about these channels stems from the work of only two men, A. L. .
This review is organized around certain obvious questions regarding the mechanisms of ion permeation and around certain key observations that have stimulated progress in answering these questions. The views on these questions have changed with time, and it is perhaps worthwhile, in the vein of an archaeologist, to distinguish three historic ages of "channelology" and a prehistoric period. To prehistory belong the prescient insights of Bernstein (IZ), who foretold conceptually much of what was to follow. What Hille (30, p. 24) has called the "heroic age" began with the outstanding experimental efforts of Cole and others and culminated in the Hodgkin and Huxley formulation.
This was followed by a "transitional era" in which their formulation was tested and translated into more concrete and molecular terms. In this age emerged conceptual pictures of the channels and their gates that are still useful. Furthermore, pharmacological agents were discovered that gave a strong sense of reality to pores and provided essential tools for the channel cloning that was to follow and that initiated the "modern age." This period has seen remarkable progress in identifying the channels chemically and in investigating their properties through site-directed mutagenesis.
Each major advance has been associated with a conceptual or technical breakthrough. Bernstein used the insights of the recently developed field of electrochemistry.
Hodgkin and Huxley blended together a commanding knowledge of electricity and electrochemistry and the voltage clamp (16), which was a child of control theory. The voltage clamp marked the climax of the heroic age and was a major tool in the transitional era. The modern age begins with two new techniques, the patch clamp (22) and the application of molecular cloning techniques to membrane proteins.
It seems likely that further tools will be required to bring the story to an end. Site-directed mutagenesis has given us a clear picture of certain parts of channel molecules and has identified the region of the molecules that form the pathway for ion movement. Still, it must be admitted that many uncertainties remain with regard to the folding pattern of the peptides, and more certain answers may depend on crystallography (unfortunately, membrane proteins are difficult to crystallize) or the extension of nuclear magnetic resonance techniques to larger peptides. Some time in the future we can look forward to a complete picture of a wonderfully complex molecular machine.
II. HOW DO IONS CROSS MEMBRANES?
The first question one might ask about ion permeation concerns the nature of the pathway that allows ions to cross through the lipid membrane. Hodgkin and Huxley made it clear that membranes could distinguish Na from K ions and could alter their permeability to either ion in a millisecond or less. What was the identity
of the structure that catalyzed ion movement through the lipid barrier? Hodgkin and Huxley considered both pores and carriers as possible transport mechanisms, perhaps favoring the latter on the grounds that selectivity was somewhat easier to imagine for a carrier. (A pore is a specialized hole through the membrane. A carrier binds ions on one side of the membrane, ferries them through, and releases them on the other side.) On the other hand, Hodgkin and Keynes (37) used radioactive tracers to show a "long pore" effect, which could be interpreted, as the name implies, to mean that the conducting path was a pore, occupied simultaneously by at least two ions that could not pass each other in the pore. The long pore effect, however, could also be explained by a carrier mechanism.
During the transitional era, there was intense interest in the pore-carrier question and the long pore effect (11, 24, 31, 38, 47) .
To give an idea of the turbulence of the period, it was considered that perhaps the lipid of the membrane could by itself perform the transport and selectivity functions.
One model, recognizing that membranes contained both lipid and protein, proposed that the barrier to ion permeation was formed by the protein and that the ion pathway was through lipid. 
ng th were ex-.ese questions. Gradually the obvious reasserted itself, and it became once again clear that lipid by itself was an excellent insulator and an additive, e.g., a protein, was needed to bring the resistance down to the level found in biological membranes. Convincing examples were found of transport by a carrier, e.g., valinomycin, and by a pore (19, 32) . It was found that a valinomycin molecule transported ions much more slowly than a gramicidin A pore (the pore is a transient head-to-head dimer). Furthermore, the energy barriers for transport by the example carrier valinomycin were very high (as determined by the QlO) and were quite low for the pore. The high barrier for valinomycin was directly traceable to fundamental electrostatics and the relatively high energy barrier faced by an ion-carrier complex in a membrane of low dielectric constant (41, 52) . With respect to QlO, the pore seemed a much better match for the Na and K conductances of nerve membrane. On the other hand, valinomycin was quite selective for K, whereas the poreformer gramicidin was hardly selective at all. Ultimately it turned out that the gramicidin A pore (58) was quite dissimilar to biological channels, much smaller, and radically different in structure.
III. MEASURES OF TRANSPORT RATE
Several approaches were used to estimate the rate of transport through Na and K channels in nerve. One involved the determination of channel density by tetrodotoxin (TTX) binding studies. The initial estimate was somewhat low, <I3 than nels/pm', and Na channel conductance was thus much higher than curre ntly thought.
The K channel conductance was estimated by measuring the rate of tetraethylammonium (TEA) diffusion into an open K channel. Making the simplest assumption, that TEA and K diffuse into the channel at the same rate, led to an estimate of K flux of -1 ion/ps (2).
Fluctuation
analysis proved helpful for determining channel conductance but was soon overtaken by the more direct estimates provided by measuring singlechannel currents. These show a variety of conductances, depending on the channel type. The first estimate for Na channels was -20 pS (55). The K channels were found to be quite variable, ranging from 10 to 150 pS for the Caactivated "maxi K" channel (50). All of these values are far too high to be explained by a carrier mechanism but were quite compatible with the idea of membrane channels. Still it can be said that we do not know the true conductance of an open pore, for the patch clamp gives an average value over a time interval that is very long compared with the time of ion transit through a pore.
IV. HOW BIG ARE THE PORES?
Pores are almost certainly not simple cylinders, and it is useful to think of the narrowest part as the "selectivity filter" (26). The best definition of the dimensions of the selectivity filter of Na and K channels was provided by in the transitional era. By using a wide variety of organic cations of known size, Hille found that all molecules that permeated rapidly through the Na channel were 23 X 5 A. An aperture of this size could accommodate an Na ion with one water molecule next to it (and presumably others fore and aft). Similar experiments with K channels suggested a pore with a diameter of 3 A, large enough to admit K+ and Rb+ but not Cs'.
On either side of the selectivity filter the pore was presumed to widen out, and the dimensions of the antra were probed by blocking molecules. For example, TEA blocks both the outer and the inner end of K channels in the node of Ranvier (IO), suggesting that at each end of the pore there is a cavity with a diameter of -8 A, the approximate diameter of TEA+ (and also the approximate diameter of a K+ with one hydration shell). A composite diagram of a nodal K channel showing these features is given in Figure IB. 
V. CROSS-MEMBRANE ION EFFECTS
One finding of the transitional era that strongly supported the idea of membrane pores was the "knockoff" effect. That is, K ions on the outside of the membrane could knock-off TEA derivatives stuck to the inner end of the channel. Imagine that a TEA derivative is in the cytoplasm and that the channel gate has been opened by depolarization, allowing the TEA derivative to block all of the channels. The rate at which the blocker comes o ut of the charm el can easi lybem easured, and this rate w as fo und to be faster wh en the external Mutagenesis experiments have given us an excellent idea of the region of the peptide that constitutes the pore lining in K channels. The linker between S5 and S6 is highly conserved in K channels and was suggested by Guy and Seetharamulu (21) as part of the conducting pathway. (The S&S6 linking region was divided into two short segments, SSI and SSZ, by these authors.) Mutations in this region alter the sensitivity of the channel to charybdotoxin and to TEA (43, 44, 61) . Specifically, changing the aspartate at position 431 to lysine (D43lK; Fig. IC ) decreased TEA sensitivity more than twofold. Subsequently it was found that changing the threonine at position 441 to a serine (T441S) decreased sensitivity to internal TEA more than 10 times. Finally, changing the threonine at position 449 to a tyrosine (T449Y) increased sensitivity to external TEA -50 times. This strongly suggests that residue 431 is outside, residue 441 is inside, and residue 449 is again outside. Thus, within 18 residues, the peptide appears to pass from out to in and back out again. This segment of the peptide thus seems to form one-fourth of the pore wall [according to MacKinnon, 4 peptides are required to make a K channel (42)l.
These remarkable findings were greatly strengthened by the experiments of Hartmann et al. (23) . They were able to replace the S&S6 linker of a low-conductance K channel (called DRK) by the S5-S6 linker of a high-conductance channel (NGKZ). Transposing just this region (21 amino acids) transferred the conductance and TEA sensitivity of NGKZ to the hybrid channel. Thus it seems hard to escape the conclusion that the pore lining is contained within the S5-S6 linker, which may have an arrangement like the one shown in Figure  1C . Four such structures would be required to form the complete pore.
The Na channel has analogous regions that, again, are highly conserved. Mutations in these regions have been shown to affect sensitivity to TTX (49) and, fascinatingly, to confer Ca channel properties on Na channels (25). These experiments support the idea that the pore is in the S5-S6 linker and hold great promise for a better understanding of channel selectivity.
B. How Many Gates on Each Pore?
In the Hodgkin and Huxley formulation, K channels had only one gating factor, n4, often called K channel activation, whereas Na channels had two gating factors: m3, or Na activation, and h, or Na inactivation. Following depolarization, the activation gates of the Na channels open quickly, admitting Na ions, which depolarize the membrane. Sodium entry is limited by closing of the inactivation gate. At about the same time the Na channels are inactivating, the activation gates of the K channels open, allowing K ions to escape to the outside and repolarize the membrane.
According to Hodgkin and Huxley, all of the gating factors were independent of each other: Na activation and inactivation presumably because they were distinct parts of a single structure and the K gate because it was on a separate structure.
In the transitional era, it was found that inactivation of Na channels could be removed by intracellular proteolytic enzymes, without affecting the activation gate (7, 53) . This confirmed the existence of two distinct gates on these channels. As discussed in section XI, the independence of the two Na channel gates was called into question. It began to seem more likely that the gates were "coupled" in the sense that inactivation cannot occur until the activation gate machinery has responded to depolarization; the gate need not be open, but in modern terms, some of the several conformational changes required to open the gate must have occurred.
Subsequently, inactivation has been discovered in numerous K channels (18; see sect. XI), and inactivation occurs by more than one mechanism.
VII. WHY GATES ARE NECESSARY
From the electrical point of view, fast conduction of an action potential requires a low resistance and much by 10.220.33.5 on June 12, 2017 http://physrev.physiology.org/ Downloaded from current to rapidly charge the high capacitance of the membrane. Cole and Curtis (17) showed that the resistance of axon membrane could decrease by a large factor in a fraction of a millisecond. Hodgkin and Huxley (33, 34) provided an explanation for the resistance change by saying that first the Na and then the K conductance (permeability) increased following a depolarization. They described each conductance by multiplicative factors, a4*& for K conductance and m3*h*gNa for Na conductance (36). These formulas could be easily translated into pictures of gated pores, and the following discussion makes use of the pore terminology, which is now easy and natural. For K conductance, for example, & was the conductance with all K pores open and n4 was the open probability. In this picture, the pore (the gfactor) is preformed and prevented from conducting by a closed gate (the m3 or n4 factor).
VIII. ORIGIN OF VOLTAGE SENSITIVITY
In heroic times it was realized that the control mechanism for both Na and K conductances behaved as though governed by a large charge or dipole moment (36). It was postulated that charged "gating particles" move within the membrane to open and close the channels. Without going into detail, the voltage sensitivity should be zero for an uncharged gating particle and should get steadily greater as the charge increases, just as electrophoresis velocity increases with charge on the moving molecule. The opening of a Na channel is a very steep function of voltage and can be shown theoretically to require the movement of -6 electronic charges all the way across the membrane, 12 charges half the way across, or 3 positives of a dipole moving one way while 3 negative charges at the other end of the dipole moved the other way. In Figure 2A are diagrammed four hypothetical negatively charged particles that move inward with a positive change of the internal voltage to open a K channel. Whatever the details of the charge movement, it is coupled to the opening or closing of a gate; precisely how is still a major question.
An alternate physical picture of the charge movement mechanism was proposed in the transitional age (5) after it became clear that the channels were composed of protein. It was postulated that each (Na) channel contained four or five repeats of the "zipper" structure shown in Figure 2B . The zipper consists of a positively charged helix in which each charged residue is paired to a negatively charged residue on another helix. Increasing internal positivity causes relative motion of the two helices, the negative one moving inward relative to the positive. A small relative movement of the helices (Fig. 2) corresponds to one electronic charge translated all the way across the membrane: the exposed negative charge at the outer surface when the structure is "deactivated" transfers to the inside when it is "activated."
When the Na channel was cloned by Numa's laboratory (48) some of its features (to my delight) corressonded fairlv closelv to the zinner oronosal or at least Hodgkin and Huxley recognized that voltage sensing requires charge movement through the membrane. They postulated that 4 charged particles with a total charge of -6 e-moved across membrane during activation of a K channel. B: a "zipper." In transitional age, charge movement was proposed to occur by relative motion of a positively and a negatively charged helix (40). A small relative motion of helices transferred 1 full electronic charge: negative charge exposed at outside in deactivated state is in effect transferred to inside in activated state. Charge pairing between positive and negative helices lowers potential energy of charges. Each channel was proposed to have several of these zipper units. Ig, gating current. C: sequencing of channel by Numa and laboratory (48) and K channel by Jan laboratory (51) revealed a positively charged helix, which is repeated 4 times in Na channel, and 1 time in K channel peptide. Four K channel peptides are required to form a pore (32). Sequence illustrated is from a K channel peptide. Postulated negative residues for charge pairing are apparently distributed through peptide (28).
to one-half of it. In the Na channel peptide were found four presumptive helices (called S4) that had repeating positive charges, one every third residue (Fig. ZC) , that spiraled around the presumed helix (21). These highly unusual structures are almost certainly part of the voltage sensor, and it seems highly likely that they move outward during activation of the channel. The negative charges thought to serve as counterions to the positive charges on S4 have not been identified with certainty. They are not found on a single helix but are, in some proposals, distributed on several of the other transmembrane segments (21). The need for charge pairing provides a strong constraint on models of the fold.ing pattern of the peptide.
IX. SIGMOID OPENING, EXPONENTIAL CLOSING
A key observation is that Na and K channels open with a sigmoid time course following a step depolarization and close with exponential kinetics (34,36). That is, there is an appreciable lag, and the channels then begin to open, but there is no detectable lag when they begin to close on repolarization (Fig. 3, top) . These two facts, sigmoid opening and exponential (or near exponential) closing, provide a major clue to the way activation gates work and are closely related to the subunit or "domain" structure of the channels.
The physical picture of these phenomena (36) involved four (K channel) or three (Na channel) charged activating particles, as shown in Figure 3A, channel. These negative particles are drawn inward by internal positivity from a deactivated (d) position to an activated (a) position. (They could as well be positive charges moving outward.) All four of the particles must be in an activated position to open the gate. Once open, any one of the particles can close the channel by returning to the deactivated position. Formally this was described using the variables n4 for K channels and m3 for Na, where 'yn (and n) are the probabilities that one of the four (three) particles are in activated position. The probability that all four (three) particles are in activated position and the channel is open, is n4 (m").
Hodgkin and Huxley seem to have regarded this imaginative formulation with remarkable sangfroid. They noted, for example, that K channel kinetics could be better fit with n6 rather than n4 but that it did not seem worth the trouble (all computations were done on a mechanical calculating machine).
During the transitional era, FitzHugh (20) examined the relationship of the m3 and n4 formulation to the state diagrams used in chemical physics. His work led with minor modification to the state diagram shown in Figure 3B for the K channel (3). The states beginning at left show the channel closed by four, three, two, one, or none (channel open) of the particles. At rest most of the channels are in the leftmost state, and they migrate to the right on depolarization.
There are thus four steps in activation. and this makes the time course sigmoidal; no gates open during a lag period as channels migrate to the right through the closed states. Only a single step, from 0 to C, is necessary to close the channel, and the kinetics of this step are exponential, with no lag.
Expressed in such a diagram, the four states could be regarded as the conformational states of a channel protein, rather than the positions of four gating particles. Furthermore, it was clear that the rate constants might not have the 4:3:2:1 ratio in the forward direction and the 1:2:3:4 ratio in the reverse direction that are necessary to make the state diagram equivalent to the n4 formulation [it can be shown that the time course of conductance is almost the same for rate constants ordered 4:3:2:1 as for the order 1:2:3:4 (44)]. Instead, if the states represented conformations of a protein, there was no way to predict the rate constants from first principles; they could only be determined empirically.
The abstract states of this diagram could be imagined in more physical terms, as in Figure 3B (5). The arrangement shown was a proposed structure of the Na channel, which emerged from an analysis of gating current (see next section). The channel is composed of four subunits surrounding a central pore and a gate reaching into and occluding the pore. Activation requires a conformational change in each of the subunits, represented in the diagram as an outward rotation of the subunit. When all four units have experienced the required conformational change, a final conformational change opens the gate. Expressed as a state diagram, there would be five closed states and one open state. The conformational change in each subunit is driven by voltage and requires the movement of charge. Charge movement in this scheme was conceptually provided by a zipper structure similar to the one in Figure 2 -B present in each of the subunits and possibly in the gate as well. This provided for the movement of four to five electronic charges or more if some of the zippers moved more than one position.
The cloned channel (48) turned out to have four repeating domains, reminiscent of the fish in Figure 3 . Each domain was similar but not identical to the others, as though four initially identical subunits were stitched together by evolution and then gradually differentiated from each other. Within each subunit there were six stretches of predominantly hydrophobic residues that were long enough to form transmembrane helices (Fig.  3C) . One of these helices is the S4 helix discussed in the previous section. The lining of the pore is probably formed by the "short segments" of the S&S6 linker (see previous section).
The K channel peptide in size and sequence resembles a single domain of the Na channel peptide (51). It is now established that four K channel peptides aggregate to from a K channel (42).
X. GATING CURRENTS
It was widely predicted that the movement of the charges on the gating structures would produce "car- http://physrev.physiology.org/ rier" or "gating" currents that would precede and parallel the opening of the channels. Gating current would be outward duri ng the activation of the channels I and inward as they closed (deactivated). No adequate alternative theory was ever proposed for the voltage sensitivity of the channel gates, and it was simply a question of whether gating current would be large enough to measure. Because the num .ber of charges per channel as judged from th e voltage sensiti .vity was about six, it was all a matter of how many channels there were.
It turned out that measuring gating current from squid giant axons was relatively easy when all other currents through the membrane were minimized by removing all permeant ions. This left only the capacity current to contend with, which could be eliminated as follows. Gating occurs only within the voltage range from about -60 mV to about +30 mV. Below this voltage, all Na channels are closed, and above it all have open activation gates. Thus, in the absence of permeant ions, the current after a step from, say, -130 to -150 mV should contain no component arising from Na channel gating. If other membrane components behaved "linearly" (fortunately it turned out that they were good but not perfect in this regard), one could get a pure sample of capacity current with a step from -130 to -150 mV. A positive step from -60 to +20 mV, on the other hand, would contain both gating current and capacity current. The capacity current component could be eliminated by multiplying the "pure" capacity current from the -130 to -150 mV step by four and adding the product to the current from the -60 to +20 mV step. The result would be mainly the Na channel gating curren t, with a small contribution from the K channels, whose gating current would be smaller because K channels open slowly.
Analysis of gating current led to the proposals in Figures 2B and 3B (5,9) and provided a detailed description of the rates and voltage dependencies of the transitions among the conformational states. We (9) proposed that the first four steps in the opening of an Na channel are relatively fast, and each step involves the equivalent of one electronic charge moving all the way across the membrane. This would correspond to one jump of the zipper structure in Figure 2B . The last step in opening was much slower at voltages negative to zero and involved movement of two electronic charges. This slow last step can be seen directly in gating current records. Because of its greater charge movement, the kinetics of this step were very voltage sensitive. The slow step that was last d .uring opening was the first step as the channels were closin .g, and becau .se it was slow, gating and ionic currents decayed with about the same time course. This similarity of time course was not compatible with the three-particle (m") hypothesis, which predicted that gating current should be three times slower than the decay of ionic current.
gati
We were h esitant to ove rinterpret the details of .ng curren t records from giant axons, because K channels were present in the membrane and their contribution to recordings was h ard to asce rtain. Frog oocytes injected with mRNA provide an enormous advantage in this regard, since only the expressed channel generates gating current. Furthermore, site-directed mutagensis of K channels has already provided interesting gating mutants and holds great promise for improving our understanding of gating. One interes ting question fro m such studies concerns the amount of charge movement involved in opening the channel, which is said to be twice what we deduced for the squid Na channel (54). The next few years will be fascinating! XI. HOW DOES THE INACTIVATION GATE WORK?
As noted in section VI& the activation and inactivation gates were postulated to be completely independent in the Hodgkin and Huxley formulation (36; Fig. 4 ). In Figure 4A each gate has its separate voltage-sensing particles, three for the activation gate and one for the inactivation gate. The two sets of charges are separated to emphasize their independence; neither gate can tell whether the other is opened or closed.
The Hodgkin and Huxley picture led to two predictions that were testable by gating current measurements. One is that there must be gating current associated with inactivation and, in fact, having the same time course as inactivation.
The second is that the gating current associated with the activation gate should be totally unaffected by the degree of inactivation.
Both of these predictions turned out to be incorrect. No gating current was detected that had the time course of inactivation, and inactivation was found to reduce the inward gating current tails that mark the closing of Na activation gates. These tails were diminished by twothirds when the pulse was long enough to cause inacti- There are several types of inactivation. These diagrams concern the "fast" variety. A: Hodgkin and Huxley proposed that activation and inactivation gates were completely separate, each governed by its private set of gating particles, 3 for activation and 1 for inactivation. B: "ball and chain" model (somewhat simplified here) proposes that inactivation is a piece of the protein, removable by pronase, that diffuses into a cavity at channels' inner end, provided activation gate is open. ("Closed state inactivation" also occurs and is ignored here.) Inactivation step (diffusion of ball into pore mouth) is not voltage dependent. Apparent voltage dependence of inactivation, noted by Hodgkin and Huxley, arises because, to inactivate channel, ball must wait for gate to open. C: ball (20 residues) and chain (-60 residues) have been identified for a rapidly inactivating K channel (39, 62) at NH,-terminus of peptide. "Receptor" for inactivation particle is probably in S4-S5 linker (40). Sll vation, and the reduction was dubbed "charge immobilization" (6). The interpretation is that inactivation somehow hinders the cl .osing of the flow of gating charge. the activation gates, reducing These clues were put together with the insight gained from studying artificially induced inactivation of K channels by TEA derivatives and the knowledge that inactivation can be removed proteolytically.
The result was what has been called the ball and chain model of inactivation (6,13), which is illustrated in Figure 4B . (The model as presented here is somewhat simplified.) The ball is attached to the inner edge of the membrane by a strand of protein, which can be cut by pronase. The ball has a receptor at the inner end of the channel that is Pro tected by the ac tivation gate. The normal sequence is tha t the activation gate opens following depolarizatio In, allowing the channel to conduct, until after -1 ms the ball diffuses into its receptor and inactivates the channel. The presence of the ball in the channel hinders the closing of the activation gate, preventing the flow of gating current and thus causing charge immobilization.
Similar conclusions regarding the relation of activation and inactivation were reached by quite different means from measurements of current throu .gh single Na channels (1). These studies showed clearly that the apparent voltage dependence of inactivation arises from coupling to the activation process and that the rate constant of the step in which the inactivation particle diffuses into its receptor is voltage independent. Thus studies with macroscopic current, gating current, and single-channel currents all pointed to the same model, which (in simplified form) can be portrayed by the ball and chain drawing.
The modern age, in the persons of Aldrich, Zagotta, and Hoshi (39, 62) , has produced elegant evidence on these questions, using not Na channels but Shaker B, a rapidly inactivating K channel from Drosophila. Using mutants with deletions at various points in the channel peptide, these authors showed that the inactivation gate is at the NH,-terminus of the peptide. Put in terms of balls and chains, they found that the first 20 amino acids constitute the ball (the "ShB peptide"). This peptide, when added to the internal medium, is capable of causing inactivation even in K channels that do not normally inactivate. The chain is composed by the next 60 residues in the peptide (Fig. 4C) . Shortening the chain speeds inactivation, as though the ball has a shorter distance to diffuse. This ball and chain type inactivation was called "N-type inactivation."
The same authors have shown definitively that there are other mechanisms of inactivation, in some cases that are quite rapid, although never as fast as N-type inactivation. The second type was initially called C-type inactivation, and its mechanism is under investigation. The name C type may not be entirely appropriate, since this type of inactivation can be affected by mutations far from the COOH-terminus. Inactivation has not been definitively localized in the Na channel peptide, but it has been shown that a simple cut in the peptide between domains 3 and 4 slows inactivation by a large factor (57). It seems reasonable to guess that pronase destroys inactivation by cutting the peptide in this region. Furthermore, phosphorylation of a serine in the 3-4 linker is said to slow inactivation, as well as reduce peak conductance (59).
XII. WHERE ARE THE GATES?
If there are gates on channels, an obvious question is where are they localized physically? In the heroic age, there was an implicit distinction between gating and the --conducting path (Fig. 5 ), but the question became reasonable only in the transitional era when it seemed fairly certain that ions moved through channels and that the channels are composed of protein. The Na inactivation gate was well localized by the pronase experiments (7,53), which showed that intracellular proteolysis was necessary to destroy inactivation, whereas extracellular proteolysis with a variety of proteolytic enzymes has no effect.
The activation gate was first localized, presumptively, by experiments with TEA and derivatives (2, 4). The results showed that TEA block could occur only when the gate of a K channel was opened. Furthermore, block by intracellular TEA or derivatives clearly hindered the closing of the channel gate. This suggested (as subsequently postulated for the inactivation ball) that TEA or derivatives can diffuse into a not very specific receptor at the inner end of the channel and that the receptor is protected most of the time by a closed gate. Similar experiments with local anesthetics and other substances (14, 15, 29, 56, 60) suggested an internal location for the activation gate of Na channels. These substances can apparently diffuse into a not very selective receptor at the inner end of the Na channel provided the activation gate is open. All of these substances act internally. By contrast, TTX acts externally and has no interaction with the activation gate. The internal receptor for these substances seems to overlap the inactivation receptor, with the result that some of the Na channel blockers, e.g., pancuronium (60) and thiazine dyes Mutant potassium channels with altered binding of charybdotoxin, a pore-blocking peptide inhibitor. Science Wash. DC 245: 1382 DC 245: -1385 DC 245: ,1989 
